ABSTRACT: Experiments were performed to examine the feasibility of mass spectrometry (MS) depth profiling of animal tissue by ∼75 fs, 800 nm laser pulses to expose underlying layers of tissue for subsequent MS analysis. Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) was used to analyze phospholipids and proteins from both intact bovine eye lens tissue and tissue ablated by ultrashort laser pulses. Laser desorption postionization mass spectrometry (LDPI-MS) with 10.5 eV single photon ionization was also used to analyze cholesterol and other small molecules in the tissue before and after laser ablation. Scanning electron microscopy was applied to examine the ablation patterns in the tissue and estimate the depth of the ablation craters. Ultrashort pulse laser ablation was found to be able to remove a layer of several tens of micrometers from the surface of eye lens tissue while leaving the underlying tissue relatively undamaged for subsequent MS analysis. MS analysis of cholesterol, phospholipids, peptides, and various unidentified species did not reveal any chemical damage caused by ultrashort pulse laser ablation for analytes smaller than ∼6 kDa. However, a drop in intensity of larger protein ions was detected by MALDI-MS following laser ablation. An additional advantage was that ablated tissue displayed up to an order of magnitude higher signal intensities than intact tissue when subsequently analyzed by MS. These results support the use of ultrashort pulse laser ablation in combination with MS analysis to permit depth profiling of animal tissue.
M atrix assisted laser desorption ionization mass spectrometry (MALDI-MS) is a very popular MS technique for molecular profiling and imaging of intact biological tissue samples. 1, 2 Depth profiling of biological tissue samples can be performed by tissue slicing and separate MALDI-MS analysis of individual, 5−20 μm thick slices. However, this process is both time-consuming and laborious. Furthermore, it can be difficult to correlate 2D images obtained from different slices, especially if interlayer mixing occurs during microtoming.
Ultrashort (subpicosecond) laser pulses are commonly employed for laser surgery because they allow superior control of incisions and induce less thermal and mechanical damage 3, 4 compared to nanosecond laser pulses. The reduced damage produced by ∼100 fs laser pulses has been attributed to a nonlinear laser-tissue interaction mechanism that allows for ablation from a small volume localized around the beam waist. Ultrashort pulsed laser irradiation can be employed for ablation of both transparent and nontransparent substrates due to multiphoton absorption mechanisms thought to occur at high irradiances. Previous studies by some of the authors and others have evaluated the precision of the ablation pattern and the level of mechanical and thermal damage induced by ultrashort pulse ablation of eye tissue and collagen samples. 5−8 This paper evaluates the feasibility of MS depth profiling of biological tissues by ultrashort laser pulses to expose underlying layers of tissue for subsequent MS analysis. MS analysis of ablated tissue was performed with both MALDI-MS and laser desorption postionization MS (LDPI-MS) in separate instruments.
9−11 Such studies are particularly important because other workers have reported that ultrashort laser pulses can desorb molecular analytes from biological samples, permitting mass analysis of both direct ions 12, 13 and desorbed neutrals after postionization. 14−17 The use of lasers for depth profiling has been limited by mechanical and thermal degradation of material surrounding the ablation crater. Mechanical and thermal side effects are especially prominent when the pulse duration is longer than the characteristic times for thermal diffusion and stress confinement (on the order of several picoseconds). These times depend on the absorption coefficient and thermal diffusivity of the substrate and are typically exceeded in the case of nanosecond laser pulses. However, thermal and stress confinement may be safely achieved using ultrashort laser pulses above the ablation threshold. 3, 4, 18 A possible unwanted side-effect of using ultrashort pulses is photochemical decomposition within tissue surface layers that may cause chemical damage within buried tissue layers not directly affected by ablation. Such effects may also result from shockwaves generated by very high temper-atures and pressures in the ablated outer layer as well as by plasma-induced chemical reactions. 3, 4, 18 A requirement for depth profiling is that ultrashort laser pulses do not induce any chemical damage in the tissue surrounding the ablation crater. However, relatively little prior work has examined the extent of chemical damage by ultrashort pulse ablation. 19 By contrast, the extent of chemical damage during cluster ion depth profiling in secondary ion mass spectrometry has been extensively explored.
20−24
Some of the authors previously showed that when the antibiotic sulfadiazine was introduced into a microbial biofilm, it survived subsequent ablation by ∼75 fs, 800 nm Ti-sapphire laser irradiation. 25 That finding indicated that ultrashort, nearinfrared laser pulses might be used for depth profiling of microbial biofilms and other biological tissues. However, that prior study did not examine the effect of ultrashort laser pulses on larger endogenous biological molecules naturally occurring in the biofilm. Furthermore, that study did not examine the effect of laser ablation on animal tissue, a very popular target of MS imaging.
The present work evaluates whether endogenous phosopholipids (phosphatidylcholines and sphingomyelins) and proteins (crystallins) in bovine eye lens tissue remain unaltered by ultrashort pulsed laser ablation. The choice of sample was based on the composition of phospholipids and proteins in the bovine eye lens, which was previously probed by MALDI-MS 26−29 and which facilitated analysis here. The present study then used MALDI-MS to analyze phospholipids and proteins from the intact tissue and laser ablated tissue. LDPI-MS was also used to analyze small molecules in the tissue before and after laser ablation.
9−11 Mass spectra obtained from the intact and laser ablated surfaces were compared to estimate the extent of chemical damage introduced by laser ablation. Scanning electron microscopy was also used to examine the ablation patterns in the tissue and estimate the depth of the ablation craters.
■ EXPERIMENTAL METHODS
Eye Lens Tissue Handling and Sample Preparation. Eye lenses were dissected from bovine eyeballs taken from animals younger than 30 months and stored at −80°C after flash freezing in liquid nitrogen. 27 Sample thawing from −80°C to −20°C was done at least 24 h in advance and then samples were transferred to a −12°C cryostat chamber (Microm Vacutome/HM500OM, Thermo Scientific, Kalamazoo, MI) at least 2 h before sectioning. Eye lenses were mounted on the top of a microtome sample stub by means of optimal cutting temperature media (OCT, Tissue-Tek 4583, Sakura Finetek USA Inc., Torrance, CA). After allowing for the OCT to freeze, the sides of the eye lens were removed with a razor-blade, leaving on the stub a cube-shaped central part of the eye lens of approximately 1 cm 3 in volume. The 300 μm thick sections cut parallel to the equatorial plane from around the lens nuclei were mounted atop cold (−12°C) stainless steel MALDI plates by means of vacuum-compatible double-sided copper adhesive tape.
Ultrashort Pulsed Laser Ablation. The 45 fs, 800 nm pulses generated by a Ti-Sapphire oscillator (Spectra-Physics Tsunami, Newport Corporation, Irvine, CA) and amplified by a regenerative amplifier (Spectra-Physics Spitfire) were used to ablate sections of the eye lens tissue (see the Supporting Information for a schematic diagram). 25, 30 The laser beam was focused above the surface with a 100 mm focal length lens, so that the spot-diameter on the surface was 200 μm. The pulse duration at the sample surface was found by autocorrelation to be ∼75 fs. The focal radius of the beam (radius at the e −2 point of the intensity) was determined by a scanning knife edge to be 55 μm, and the Rayleigh range was 0.8 mm. The laser power was measured by a commercial power meter (Ophir 30A-SH-V1, Ophire-Spiricon, North Logan, UT). A He−Ne laser (1125, JDSU, Milpitas, CA) was used as a guiding beam. Experiments were monitored by a surgical microscope (Universal S3, Carl Zeiss, Oberkochen, Germany) equipped with a CCD camera. The laser was rastered across the tissue surface in a single-shot mode with a step size of 10 μm. Ablation of samples was performed over square areas ranging from 0.2 to 1.5 mm on a side.
Scanning Electron Microscopy (SEM). Electron micrographs of all tissue sections were obtained by SEM (Hitachi S-3000N, Hitachi High Technologies America, Pleasanton, CA) with a tungsten electron source operating at 15 keV in high vacuum mode after spin coating with an 8 nm thick layer of Pt/ Pd (4:1). All samples were air-dried, without fixation or dehydration. Images of ablation patterns created with different laser fluences were taken from sections that were not treated by a MALDI matrix. SEM images of ablation patterns for MALDI-MS analysis of proteins were taken from control sections that were laser ablated and treated by a MALDI matrix in the identical way as sections analyzed by MALDI-MS. While most SEM were recorded in imaging mode at a 0°tilt, some were also recorded in topography mode at 45°tilt to estimate the depth of ablation and the roughness of the ablated tissue.
MALDI-MS. For analysis of phospholipids, tissue sections were manually sprayed with several cycles of a mixture of acetonitrile and water (1:1) that served to adhere tissue sections to the substrate. 27 Sections were then sprayed by several cycles of 20 mg/mL solution of matrix p-nitroaniline in ethanol applied by an airbrush (Testors Corp., Rockford, IL) and allowed to dry. 26 For protein analysis, the spraying procedure gave poor results (data not shown). Tissue sections were instead spotted with 5 droplets of 0.2 μL of 15 mg/mL solution of sinapinic acid in a mixture of acetonitrile, water, and formic acid (50:40:10), as reported in earlier MALDI-MS work. 28 Care was taken so that droplets were delivered only within the region of the laser-ablated pattern. All MALDI mass spectra were collected with a commercial instrument (Applied Biosystems 4700, AB Sciex, Foster City, CA) equipped with a 355 nm desorption laser operating at 200 Hz, focused down to a spot size of ∼150 μm. See the Supporting Information for more details of the MALDI-MS analysis.
LDPI-MS. Laser desorption vacuum ultraviolet postionization MS data were collected using a home-built instrument 10 equipped with a new 10.5 eV vacuum ultraviolet source for single photon ionization (see the Supporting Information for more details).
9 A 349 nm Nd:YLF pulsed laser (Spectra-Physics Explorer, Newport Corporation, Irvine, CA) with a pulse energy ranging between 1 and 10 μJ/pulse and a laser spot diameter of ∼15 μm was used for desorption. The desorbed neutrals were ionized using the 118 nm ninth harmonic of a Nd:YAG laser (Tempest 10 Hz 355 nm, New Wave Research, Fremont, CA), which was generated by focusing the 355 nm third harmonic into a cell filled with ∼6.5 Torr of Xe. lens tissue by ∼75 fs, 800 nm laser pulses was evaluated microscopically by SEM. Samples were also examined using a surgical microscope equipped with a CCD camera (data not shown). Changes in electron and optical micrographs of the tissue were assessed after rastering the 200 μm diameter laser beam across the surface in a single shot mode with a step size of 10 μm. Such small step sizes were employed because at lower fluences only the center of the beam induced observable ablation (see below).
Microscopically observable changes in the tissue occurred at a threshold fluence of 0.14 J/cm 2 , corresponding to an irradiance of 1.9 × 10 12 W/cm 2 . All fluences reported here are given by Φ = 2E/πr 2 , 25 where E is the laser pulse energy measured with the power meter and r is the beam radius as measured with a scanning knife edge (see the Supporting Information). Losses in the optics are also accounted for in the quoted fluences. These results are consistent with those reported for plasma-mediated ablation of soft biological tissues. When combined with the 200 μm beam diameter and the 10 μm spacing between laser shots, it is clear that each point at the surface of the ablated tissue was exposed to multiple laser shots, although the intensity over most of the laser spot area was insufficient to cause ablation. MALDI-MS requires that a matrix solution be applied to a sample prior to analysis. In these experiments, p-nitroaniline crystals were applied for phospholipid analysis and sinapinic acid was applied for protein analysis. the peaks in both spectra correspond to those previously observed and assigned as phosopholipids. 26 Table 1 summarizes the m/z values corresponding to the detected series of sphingomyelins (SM) and phosphatidylcholines (PC). Since prior work found that the phosopholipid composition does not vary across a few millimeters in eye lens tissue, 26 it was expected that their composition would also not vary between adjacent MALDI spots.
Peak intensity ratios between individual peaks from intact tissue (spectrum A of Figure 2 ) are similar to those from laserablated tissue (spectrum B). For example, the ratio of ion intensities at m/z 734.7 to 813.8 is ∼2.2 in both spectra, the ratio of m/z 772.6 to 798.6 is ∼2.6, and the ratio of m/z 741.6 to m/z 760.7 is ∼1.2. Slight differences in peak intensity ratios between spectra obtained from similarly treated tissue occurred randomly between experimental runs and were attributed to run-to-run fluctuations rather than to any laser ablation effects.
The overall ion intensity was 2−3 times higher when mass spectra were recorded from the laser-ablated tissue compared with intact tissue, as shown in Figure 2 .
MALDI-MS Analysis of Proteins. The most abundant lens tissue proteins, crystallins and their truncation products, were also observed to survive ultrafast laser ablation at a fluence of 0.30 J/cm 2 , albeit in a somewhat mass-dependent fashion. Figure 3 displays MALDI-MS of proteins obtained from bovine eye lens tissue in the mass range between m/z 3 000 and 13 000. Analysis of all collected MALDI-MS data showed that the intensities of peaks falling below approximately m/z 6 000 were preserved, while those above that mass displayed decreased intensity from the laser-ablated tissue. The most intense peaks appearing from the intact tissue surface (in spectrum A of Figure 3 ) were m/z 9 974, 10 107, and 11 994. These peaks were assigned to α-Crystallin (αA 1-173 2+ ), β-Crystallin (αB 1-175 2+ ), and the most abundant truncation product of α-Crystallin (αA 1-101 + ), respectively. 28 These three peaks almost completely disappeared from the laser-ablated tissue (spectrum B of Figure 3 ). Some known Crystallin truncation products appearing at m/z 7 012 and 7 741, corresponding to (αA 1-58 + ) and (αA 1-65 + ), 27 appeared consistently in MALDI-MS of both intact and ablated tissue surfaces. However, these two intermediate mass peaks appeared at rather low intensities and are therefore not discussed further. Table 2 shows the peak assignments of some of the prominent species seen by MALDI-MS analysis of eye lens tissue proteins.
The region of the protein MALDI-MS between m/z 3 000 and 6 000 displays a characteristic fingerprint of the protein content in the eye lens tissue (see Figure 3 and the Supporting Information). Only a few of the species in this m/z region were identified, namely, the m/z 4983 and m/z 3252 peaks attributed to (αB 1-41 + ) and (βA3 189-215 + ), respectively. 28, 33 However, the same overall pattern of peaks with similar relative intensities was obtained from all intact and ablated tissue analyzed.
Peak intensities below approximately m/z 6 000 increased when probed from the ablated region (Figure 3, spectra B) , Table 3 summarizes the calculated and observed m/z values for cholesterol and its fragmentation products. Phosphocholine, a polar headgroup of phosphatidylcholines and sphingomyelins, was assigned to the peak at m/z 184. 35 Comparison of spectra obtained from the intact and laserablated tissue found that the overall peak intensity for the latter increased by an order of magnitude in the region below m/z 200 (enlarged spectrum shown in Supporting Information) and by a factor of 2 for the region between m/z 200 and 450.
■ DISCUSSION
The results presented here show that ultrashort pulse laser ablation can remove several tens of micrometers of eye lens tissue while leaving the underlying tissue with relatively little chemical damage, as determined by subsequent MS analyses. The surface of the tissue remaining at the bottom of the laserablated area had a slightly rougher texture than the intact tissue. However, chemical analysis of cholesterol, phospholipids, and proteins did not reveal any chemical damage caused by ablation for analytes smaller than ∼6 kDa. The observation that the mass spectra from tissue at the bottom of the ablation crater remained relatively unaltered in this mass range supports the use of ultrashort pulsed laser ablation for depth profiling. Little prior experimental data has directly probed the extent of chemical damage in tissue following such ablation (see below). The results presented here are in agreement with studies of ultrafast laser vaporization of blood and eggs followed by electrospray ionization, which found molecules as large as lysozyme (MW ∼14 500 Da) can be vaporized intact. 15, 17 A notable decrease in sensitivity to proteins larger than ∼6 kDa found here might be attributed to causes other than laser ablation-induced degradation. For example, lower mass analytes may be more easily desorbed from tissue surface previously treated by ultrashort laser ablation, resulting in higher relative peak intensity.
The increased intensity of mass spectra when sampling laser ablated tissue (2 to 3-fold for MALDI-MS and up to an order of magnitude for LDPI-MS) may be attributed to lysing of the tissue by the ultrashort laser pulses. The lysed tissue would facilitate the extraction of analytes into the crystallized matrix during the sample preparation for MALDI-MS analysis. Additionally, in the case of LDPI-MS, these lysed species are more readily desorbed than when still bound within the intact tissue. The apparent increase in ion intensity in spectra obtained from laser-ablated samples suggests that ultrashort pulse laser ablation might serve as a tool to prepare biological tissue prior to MS imaging analysis.
Both MALDI-MS and LDPI-MS analyses were conducted after ablation at fluences twice that of the ablation threshold, using laser beam diameters ∼20 times greater than the spacing between individual shots. These experiments show that although each point at the sample surface was actually exposed to multiple laser shots, little change was observed in the subsequent MS other than an increase in ion intensity. Clearly, lower laser fluence per pulse would cause even less damage to the tissue.
Several prior studies argued for the potential use of ultrashort pulse laser ablation for nondestructive eye surgery in the plasma-mediated regime. 5−8 Prior work argued that the damage inflicted by <100 fs, 800 nm laser pulses in plant tissue was superficial, suggesting the possibility of in vivo analysis. 13 Others have argued that the advantages of ultrashort pulse laser ablation of polymeric coatings and biological tissues include both precision and a reduced zone of damage. [3] [4] [5] 8, 13, 18, 19, 36 However, these prior studies generally did not employ direct chemical analysis to demonstrate the absence of chemical damage. Furthermore, a previous study by some of the authors showed that a small organic molecule introduced into a bacterial biofilm remained intact after ultrashort pulse laser ablation, as analyzed by LDPI-MS. 25 The depth of the laser-ablated volume at a fluence of 0.30 J/ cm 2 , used prior to all MS analyses, was estimated to be ∼40 μm, and the ablated area displayed a roughness of ∼5 μm. Lower fluences yielded shallower ablation depths, with a minimum depth of ∼20 μm at 0.17 J/cm 2 fluence, which is slightly above the ablation threshold of 0.14 J/cm 2 . It follows that ultrashort pulse laser ablation should display a maximum depth resolution on the order of 20 ± 5 μm under the conditions employed here. Use of MALDI-MS for subsequent analysis will degrade this resolution further, as the matrix can extract compounds from up to 40 μm within tissue. 37 These penetration depth estimates do not reflect the full potential for depth profiling. Earlier studies using resonant 2.94 μm ns laser pulses reported a depth resolution of ∼30−50 μm. 38 A rough comparison of the number of pulses needed to penetrate a plant leaf with infrared nanosecond pulses 38 and near-infrared femtosecond pulses 16 indicated that the etch depth per pulse may be almost an order of magnitude smaller for femtosecond ablation.
Panel D of Figure 1 shows an ablation pattern ∼40 In the present experiments, the laser beam was focused to a diameter of 200 μm at the surface, whereas only a ∼10 μm diameter crater formed at the threshold fluence for ablation. This indicated that only a small portion of the Gaussian-shaped beam close to the laser axis was effective in ablating the tissue (see panel A of Figure 1) . A similar result was reported previously for the ablation of microbial biofilms. 25 Collectively, these results suggest that crater diameters and etch depths even smaller than 10 μm could be obtained if the laser beam was focused to a smaller diameter at the surface and the fluence was more carefully controlled.
39−41
Finally, the irradiance threshold for ablation may be estimated from the relation Taking ω 0 = 55 μm, ω z = 100 μm, an ablation radius r ab = 5 μm, and peak irradiance of I 0 = 2 × 10 12 W/cm 2 leads to a threshold irradiance of 6 × 10 11 W/cm 2 .
■ CONCLUSIONS Molecular depth profiling of layers thinner than 1 μm with a depth resolution of few tens of a nanometer are so far achievable only by cluster ion sputtering, which still suffers from damage accumulation problems and cannot be used for analysis of layers thicker than a few micrometers. 20−24 It is shown here that ultrashort pulse laser ablation should be feasible for depth profiling of tissue with a few tens of micrometers depth resolution when used in combination with an MS analysis method. Furthermore, prior work with ultrashort pulse micromachining indicates a potential for submicrometer depth resolution.
Ultrashort laser pulses can desorb molecular analytes from biological samples, permitting mass analysis of both direct ions created in the ablation event 12, 13 and desorbed neutrals after postionization. 14−17 Combining depth profiling by ultrashort pulse laser ablation with analysis of either direct ions or ablated neutrals postionized by vacuum ultraviolet radiation 9−11 or electrospray ionization 14−17 would allow rapid molecular tomography of biological tissues and other types of samples.
It is acknowledged that the use of separate instruments for ultrashort pulse ablation and MS imaging analysis is unwieldy. Furthermore, the need to add matrix to the sample would limit the use of MALDI-MS for such a depth profiling analysis. A distinct and more attractive strategy would be to directly analyze species desorbed during ultrashort pulse ablation, which does not require the addition of matrix.
12−17 Depth profiling would then consist of rapid 2D imaging of a biological sample followed by cumulative analysis of the newly exposed surface until a complete 3D tomographic map of the sample volume is obtained. Such an experiment should be possible using a single instrument, which is currently under construction. 
